Abstract-A tunable metamaterial in integrated circuit structures is investigated through an example of a microstrip patch antenna on a mushroom-type electromagnetic band-gap (EBG) structure. The patch antenna is designed as a half-wavelength resonator of an EBG loaded microstrip transmission line. The operating frequency of a patch antenna can be switched and controlled dynamically by loading diode switches in between vias and the ground plane. When the switches are on, the EBG surface is short to the ground and is at its on-state; while when the switches are turned off, the EBG surface is dc open and is at its off-state. It is found that the resulting patch antenna in-band resonant frequencies are very different at these two states. Antenna dual-band frequencies, gain, efficiency, and radiation patterns are characterized. The designed switchable EBG-patch antenna is fabricated and tested in these two states. The measurement is found in good agreement with simulation. An example is also given for the case of selected switches within the EBG elements to tune dynamically the resonant frequency.
Since antenna radiation characteristics, including resonant frequency and radiation patterns are determined mostly by its shape and size, varying its geometry mechanically provides an intuitive method to reconfigure its radiation properties. MEMS techniques integrate electrical and mechanical functions in a single component using microfabrication or micromaching technology, and can be realized with present semiconductor integrated circuit processing [5] [6] [7] . Hence, MEMS based reconfigurable antennas had been widely investigated [8] - [13] . By using printed circuit board (PCB) techniques, planar wire antennas in the form of filamentary conductive traces can be fabricated with inserted MEMS switches. A MEMS switch changes dynamically the antenna length and enables dual or multiband applications.
Antenna reconfiguration can also be designed using electronics switch such as PIN diodes, which are commonly used in modern communications and radar applications. When the diode switch is DC forward biased, it is at an "on" state and is ideally a short circuit; while when the diode is reverse biased, it is at an "off" state and the diode is open-circuited. Placing a PIN diode in between two conducting traces, could control electronically the effective antenna physical length. Planar microstrip antennas using PIN diode switching for reconfiguration had also been investigated [14] [15] [16] [17] [18] [19] [20] .
Most reconfigurable antennas are based on the dynamic control of the antenna physical length. It is possible to design electronically tunable antennas by adjusting the properties of the material where an antenna resides. Ferrite-loaded microstrip antennas are examples [21] , where the antenna characteristics are adjusted by the external magnetic fields supplied by a dc biased circuit.
Electromagnetic band gap (EBG) structures in printed circuits are thin composite dielectric layers with periodic metallic patterns (usually backed by a metal ground plane), and have one or multiple frequency band-gaps in which no substrate mode can exist. This unique property has been applied to design antenna systems with a better gain and efficiency, lower side-lobes and back-lobe levels, and better isolations among array elements, by suppressing surface wave modes [21] [22] [23] [24] . The EBG substrate has been applied to alleviate some drawbacks of conventional microstrip antennas [25] [26] [27] . Recently, radiation characteristics of a microstrip patch over a mushroom-type electromagnetic band-gap (EBG) substrate were investigated [29] . The EBG surface is found to have the effect of reducing the patch resonant length and bandwidth as a result of stronger capacitive coupling.
In this paper, a novel tunable EBG structure is proposed and applied to a switchable microstrip antenna where a patch proximity fed by an open-end microstrip line is on top of an EBG 0018-926X/$25.00 © 2009 IEEE substrate loaded with arrays of diode switches. The microstrip patch antenna operation frequency is dynamically controlled by tuning the EBG substrate characteristics. The switches are in between the EBG vias and the substrate ground plane. When the switches are on, the EBG surface is electrically shorted to the ground through vias and the geometry is almost identical to the EBG loaded microstrip patch [29] . When the switches are off, the EBG surface is disconnected from the ground plane and the EBG surface acts like arrays of floating patches. The novelty here is to tune the printed antenna properties by changing the EBG substrate characteristics rather the antenna itself as in the case of MEMS based reconfigurable structures.
The tunable metamaterial (EBG or high impedance surfaces) for an integrated circuit antenna is probably not cost effective as compared to a reconfigurable antenna. But for antenna arrays or for a large system where there are many devices on an integrated circuit, the use of tunable metamaterial may have more useful applications within the content of tunable materials. Another potentially useful idea is the dynamic control of antenna characteristics through selective switch states. Basically, one can control the switch locations and their number that are on or off to tune the patch antenna resonant frequency.
The design and analysis is facilitated by an eigenmode analysis of an EBG loaded microstrip transmission line introduced in [28] . Patch antenna is designed as a half-wave length microstrip resonator. Subsequently, the whole antenna structure at either switch on or off stage is analyzed using a full-wave simulation. Ansoft HFSS is used for both microstrip line and antenna analysis. The patch antenna EBG structures and their radiation properties are characterized. Radiation characteristics including return loss, gain, and radiation pattern of a rectangular patch antenna over an EBG substrate are investigated. The proposed antenna structure at both on and off stages are fabricated and tested. The measurement results confirmed the theoretical analysis.
II. CHARACTERISTICS OF A TUNABLE EBG MICROSTRIP LINE STRUCTURE
A rectangular microstrip patch antenna is electrically a halfwave length open-circuit resonator. Therefore, a modal analysis of a microstrip line could facilitate the antenna design. The example under investigation is the mushroom EBG structure consisting of a planar array of rectangular patches, each with a shorting pin. A microstrip line on a tunable EBG structure is shown in Fig. 1 . The structure consists of a microstrip line etched on top of a dielectric slab, under which there is another dielectric slab with mushroom-like EBG units fabricated on top. These two slabs are laminated together to form a multilayer printed circuit board (PCB). In addition, from the bottom view of the structure in Fig. 1 , the EBG plate-through vias are not directly connected to the RF ground plane, but rather on square conducting pads with clearance around. With this topology, the tuning device, such as PIN diode switches or varactor diodes, are able to be attached between the RF ground plane and via pads. By changing the states of the tuning devices (open or short circuit), the characteristics of the EBG substrate thus can be varied dynamically, and as a result, the propagation constant of the top microstrip line is electrically tunable.
Tunable resonant frequency of a microstrip patch antenna can be found from the guided-wave mode characteristics (dispersion diagram) of a microstrip line using a half-wave length resonator approximation. The example is for the EBG surface patterned in the middle of two 31mil FR4 ( and ) dielectric layers with a microstrip line 28 mm wide printed on the top surface. The EBG pattern periodicity is 7 mm, and the patch size is 5 mm, with 0.2 mm vias connected to the pads with clearance 1 mm by 1 mm. The microstrip line width in effect covers about 4 unit cells of the EBG surface. Two cases of simulations are considered, one for vias shorted to the ground and another for vias disconnected from the ground [ Fig. 1(b) ].
HFSS simulation setup details of an EBG loaded microstrip is discussed in [28] , perfect-matching-layers (PML) boundaries are placed a quarter wavelength away from the substrate sidewalls (in parallel) and also a wavelength above the microstrip line, to mimic the structure of a microstrip on top of a EBG surface. Periodic boundaries are placed in the front and the back of the simulation box. Assigning a certain phase variation along the propagation direction within the box (wall to wall), the eigen-values are the allowable frequencies . The dispersion diagram can be obtained by varying from 0 degree to 180 degrees. The dispersion diagrams reveal the pass-bands and the stop-bands of the guided waves. Two hard-wire connections over the clearances for each EBG units are added for the switch "on" state simulation, providing the electrical connection between via pads and ground plane. For the switch "off" state, hard-wires are taken off, and the clearances block the current on the ground plane flowing to the EBG vias.
The dispersion diagrams of the two switch states are shown in Fig. 2 . It is observed that with the RF switches at "on" state, the EBG vias are connected to the ground plane, and the EBG capacitance/inductance loadings take effects. Hence, the structure propagation constant increases while the wavelength decreases at the switch on state as compared to the case without EBG surface (homogeneous medium under the microstrip). In contrast, when the switches are at "off" state and the whole EBG surface is disconnected from the bottom ground plane, the dispersive curves is almost the same as that of a TEM parallel-plate mode.
If the microstrip patch length is designed at 28 mm (the same as its width), using the half-wave length approximation, the antenna resonant frequency at on and off states are found (also indicated in Fig. 2) . The patch antenna with dimension 28 mm by 28 mm will operate at around 1.86 GHz when the switches are "on" and at around 2.52 GHz when the switches are "off", corresponding to wavelength 56 mm. Furthermore, it is observed that when the switches are at the "on" state, the curve is more dispersive than that when switches are turned "off."
III. THE DESIGN OF FREQUENCY TUNABLE EBG MICROSTRIP
PATCH ANTENNA Transmission line analysis described in Section II provides the design of a microstrip patch antenna on a tunable EBG structure. Each microstrip patch length corresponds to a wave number and two resonant frequencies in Fig. 2 . The lower and higher frequency corresponds to the "On" and "Off" state of the EBG substrate, respectively.
The geometry of the antenna structure under consideration is shown in Fig. 3 . It consists of a multilayer PCB, with a radiation patch etched on top of the dielectric slab. Embedded EBG units are fabricated on the lower dielectric slab, acting as a substrate for the top radiation patch. A proximity-coupling microstrip structure is used as a feed to transmit/receive RF signal to/from antennas. The electrical connections between the EBG vias and ground plane are controlled by loading RF switches in between. In detail, square-ring clearances are cut-out between via pads and the ground plane. When the switches are at "on" state, EBG substrate effectively reduce the top microstrip operation wavelength. Thus, the electrical dimension of the top radiation patch is increased, and the resonant frequency shifts down. In contrast, when the switches are turned "off", the EBG has little effect and the patch antenna has a smaller electrical dimension and a higher resonant frequency. When an EBG structure is switched between the on and off states, the surface wave suppression still exists even without the vias as indicated in [29] .
Implementing 16 pin diode switches into the EBG structure is quite complicated and costly. From the work on RF PIN diode switches described in [16] , on state as a short and off state for a PIN switch within a trace is a good approximation in modeling, at least for a very thin wires (6 mils) as is our case of the vias to ground connecting wires. The diodes are intended for connecting or disconnecting the vias and the ground plane.
Two linearly-polarized microstrip antennas on a mushroom-like EBG substrate are fabricated and tested, each corresponding to an "on" and "off" state, respectively. The photographs of these two antenna structures are shown in Fig. 4 , where 4-by-4 EBG units are embedded underneath the radiating patch, and proximity-coupled by a 50 Ohm microstrip feed line with an edge-loaded SMA connector. Two mock-ups for the RF switches states are made. Hard-trace connections are fabricated across the via pad clearance to mimic the "on" state; while the hard-traces are removed leaving clearance to mimic the switch "off" state.
Antenna designs and simulations are based on Ansoft HFSS. Vector network analyzer and anechoic chamber room are used for measurements. The simulated return losses for both the switches "on" and "off" cases are given in Fig. 5 , together with the measurement results. The simulation results show that this discrete frequency-hopping patch antenna works at 1.96 GHz with switches "on", while the measured resonant frequency is at 1.98 GHz. In the other case, corresponding to the switches "off" mock-up, the resonant frequency of the simulation is at 2.45 GHz, while the measured frequency is at 2.51 GHz. The simulations and measurements are in good agreements. The discrepancies may be due to the SMA connector losses and multilayer PCB fabrication tolerance. In additions, from the dispersion curve in Fig. 2 , the half-wavelength (28 mm) resonant frequency predictions is 1.86 GHz for "on" and 2.52 GHz for "off." The antenna full-wave simulation results and eigenmode wavelength prediction hence agree well with the full-wave simulations and measurements.
The antenna radiation patterns for switches in both the "on" and "off" states are shown in Fig. 6 . It is observed that the antenna radiations in these two states are similar in shape, carrying the feature of a typical microstrip antenna. The simulated antenna efficiency ( ) at the "on" state is 38.7%, while at the "off" state is 55.2%. Lower efficiency at the "on" state is likely due to the ohmic loss from the current flow at the EBG surface and the vias. The maximum gains of the antenna at different switch states are in the broadside direction from simulation. Simulation and measurement agree well in general. The measured gains for both the "on" and "off" cases is about 1dB lower than the simulation, likely due to radiation spill over to the backside and diffraction from the connector and the cables. The maximum gain is 2.2 dBi from simulation and 1.1 dBi from measurement for the "on" state, and with 4.40 dBi from simulation and 3.2 dBi from measurement for the "off" state. Higher gain for the "off" state is due to the lower loss. Furthermore, it is observed from the measurement results that the front-to-back ratio is larger than 12 dB, and the linear polarization purity is higher than 20 dB for the two antenna states. The simulation shows that the front to back ratio when the switch is on is about the same as that of a usual microstrip antenna of the same ground plane size. The surface wave suppression is not significant in the present design of a thin substrate. The radiation patterns and directivity remain similar for both cases, which is a desired feature for antenna applications.
The performance and characteristics of these two antennas are summarized in Table I . As the measured bandwidth may not be at the optimized value, a fair comparison of the tuned bandwidth is through the factor, which is inverse proportional to the bandwidth. The antenna factor is calculated from the input impedance based on the formula in [30] as (1) The results of the factor in Table I show that the optimized bandwidth of the pertinent structure is about 2.5-3%, which is typical of a microstrip patch antenna on a thin substrate.
The On-state case discussed so far is when all the switches are on. Practically, one may select on-switches in part of the 16 (4 by 4) EBG elements to digitally tune the antenna frequency. An example is given in Fig. 7 , where each switch is labeled with a number from 1 to 16. In the Figure, is noted as all the switches with a label are at the on-state. and correspond to the cases of all switches are off and on, respectively (shown in Fig. 4 ). The HFSS simulation shows that as N increases, antenna resonant frequency decreases. It is interesting to observe that switches 1, 5, 9, and 13 have less effect than the switches 4, 8, 12, and 16 that are on the farther side (from the feed) of the patch edge . It is seen that each of the 16 different cases corresponds to a unique antenna frequency.
IV. CONCLUSION
A microstrip patch antenna on tunable EBG structure was proposed in this paper. A unique feature of the proposed structure is that the tuning is through the diode loaded EBG substrate, rather than on the antenna itself. A mushroom-type EBG structure is used to demonstrate the proposed concept. Diode switches are in between the vias and the bottom ground with a clearance area. The switch states determine either an open or short circuit between the EBG patches and the bottom ground plane. The switch states change significantly the coupling between antenna patch to the ground and allow the design of multiband antenna systems. Full-wave eigenmode analysis was applied to the design of the two frequency bands. Two antenna prototypes were designed and tested at the "on" and "off" switch states, respectively. Antenna characteristics at the two frequency bands were characterized. Return loss and antenna pattern measurements confirm the proposed concept of switchable EBG microstrip antennas. This paper explored the concept of tunable metamaterial. The patch antenna structure investigated here would not be as cost effective as compared to a single reconfigurable antenna. But for antenna arrays or for a large system with many devices, the tunable metamaterial may have useful applications. This paper also proposed the idea of a dynamic control of the EBG structure through the use of selective switches. One can control the number of switches that are on or off to tune the patch antenna resonant frequency.
